Na ϩ channel currents (INa) are expressed in several types of smooth muscle cells. The purpose of this study was to evaluate the expression of INa, its functional role, pathophysiology in cultured human (hASMCs) and rabbit aortic smooth muscle cells (rASMCs), and its association with vascular intimal hyperplasia. In whole cell voltage clamp, I Na was observed at potential positive to Ϫ40 mV, was blocked by tetrodotoxin (TTX), and replacing extracellular Na ϩ with N-methyl-D-glucamine in cultured hASMCs. In contrast to native aorta, cultured hASMCs strongly expressed SCN9A encoding NaV1.7, as determined by quantitative RT-PCR. I Na was abolished by the treatment with SCN9A small-interfering (si)RNA (P Ͻ 0.01). TTX and SCN9A siRNA significantly inhibited cell migration (P Ͻ 0.01, respectively) and horseradish peroxidase uptake (P Ͻ 0.01, respectively). TTX also significantly reduced the secretion of matrix metalloproteinase-2 6 and 12 h after the treatment (P Ͻ 0.01 and P Ͻ 0.05, respectively). However, neither TTX nor siRNA had any effect on cell proliferation. L-type Ca 2ϩ channel current was recorded, and INa was not observed in freshly isolated rASMCs, whereas TTX-sensitive I Na was recorded in cultured rASMCs. Quantitative RT-PCR and immunostaining for NaV1.7 revealed the prominent expression of SCN9A in cultured rASMCs and aorta 48 h after balloon injury but not in native aorta. In conclusion, these studies show that INa is expressed in cultured and diseased conditions but not in normal aorta. The NaV1.7 plays an important role in cell migration, endocytosis, and secretion. NaV1.7 is also expressed in aorta after balloon injury, suggesting a potential role for NaV1.7 in the progression of intimal hyperplasia. vascular smooth muscle; sodium channel; SCN9A; balloon injury VOLTAGE-GATED NA ϩ CHANNELS (I Na ) are generally involved in the generation and propagation of action potentials in nerve fiber (5), skeletal muscle, and cardiac muscle (13). At present, 10 ␣-subunit (SCN1-6, 8-11A) and 4 ␤-subunit (SCN␤ 1-4 ) genes have been identified with isoform expression dependent on cell types (24). I Na has also been identified in cultured smooth muscle cells such as coronary arterial (3), pulmonary arterial (25), and bronchial (17) smooth muscle cells. However, the pathophysiology and function of I Na and its molecular characteristics are not fully understood in cultured human aortic smooth muscle cells (hASMCs).
VOLTAGE-GATED NA
ϩ CHANNELS (I Na ) are generally involved in the generation and propagation of action potentials in nerve fiber (5) , skeletal muscle, and cardiac muscle (13) . At present, 10 ␣-subunit (SCN1-6, 8-11A) and 4 ␤-subunit (SCN␤ [1] [2] [3] [4] ) genes have been identified with isoform expression dependent on cell types (24) . I Na has also been identified in cultured smooth muscle cells such as coronary arterial (3), pulmonary arterial (25) , and bronchial (17) smooth muscle cells. However, the pathophysiology and function of I Na and its molecular characteristics are not fully understood in cultured human aortic smooth muscle cells (hASMCs).
Vascular smooth muscle cells undergo cellular proliferation and migration in the formation of atherosclerosis and intimal hyperplasia (6, 30) . Smooth muscle cells in atherosclerotic plaques or neointimal hyperplasia are different from native contractile smooth muscle cells, but rather resemble cultured vascular smooth muscle cells (36) . Since I Na is expressed only in the cultured and proliferative state, but not in the freshly isolated aortic smooth muscle cells (7) , it is likely that this phenotypical change contributes to the cell proliferation, migration, and endocytosis, which mirrors exocytosis (33) in cultured hASMCs.
Therefore, the first aim of this study was to investigate I Na , its molecular characteristics, and the functional roles of the channel in cultured hASMCs. Here we report that tetrodotoxin (TTX)-sensitive I Na resembles Na V 1.7 encoded by the SCN9A gene and that these channels are not expressed in freshly isolated aortic smooth muscle cells. The Na V 1.7 plays an important role in cell migration, endocytosis, and secretion but not in cell proliferation. Second, we investigated the role of I Na using rabbit balloon-injured aorta, which is well characterized as an intimal hyperplasia model in rabbits, rats, and humans (15, 19) to show the involvement of Na V 1.7 to vascular diseased conditions.
MATERIALS AND METHODS
Cell preparation. Cultured hASMCs isolated from normal male human aorta were purchased from Cambrex (Walkersville, MD). The hASMCs were cultured in a medium (SmGM-2 Bullet-Kit, Cambrex) in an atmosphere of 5% CO 2-95% room air at 37°C (17) . Rabbit aortic smooth muscle cells (rASMCs) were obtained from adult male Japanese White rabbit (2.5 to 3.0 kg) by explant methods (35) . They were grown in Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS, Sigma), 100 U/ml penicillin, 100 g/ml gentamicin, and 0.25 g/ml amphotericin B (GIBCO, Grand Island, NY). When cells became confluent, hASMCs and rASMCs were subcultured in the same medium. Confluent cells at passages 3 to 8 were used for the experiments.
Freshly isolated rASMCs were prepared from the rabbit. The aorta was immediately removed and was immersed in Ca 2ϩ -free Tyrode solution. After being cleaned of connective tissue and adhered fat tissue, isolated arteries were cut open longitudinally and the endothelium was removed by gently rubbing with a cotton swab. The aorta was cut into small pieces about 1-3 mm 3 and then incubated in a gently shaking bath at 37°C in Ca 2ϩ -free Tyrode solution containing 0.4 mg/ml collagenase type IA (Sigma) for 90 min. The isolated cells were then used for later experiments.
Experimental animal model of vascular injury. Vascular injury was induced in the adult male Japanese White rabbit by endothelial cell denudation of the aorta as previously described (19, 38) . All animal care and procedures were approved by and performed in accordance with the guidelines from our institution. Under general anesthesia with 30 mg/kg pentobarbitone sodium, a balloon-injury Fogarty catheter (3 Fr) was introduced through the femoral artery and advanced into the aorta. The endothelium of the aorta was denuded by three passes of the catheter inflated with 0.2 ml buffered saline. Rabbits were euthanized 48 h after injury for the RNA extraction and immunohistochemistry.
Solutions and drugs. The composition of the control Tyrode solution was as follows: (in mmol/l) 136.5 NaCl, 5.4 KCl, 1.8 CaCl 2, 0.53 MgCl2, 5.5 glucose, and 5.5 HEPES-NaOH buffer (pH 7.4). To block K ϩ currents and Ca 2ϩ -dependent K ϩ or Cl Ϫ currents, the patch pipette contained (in mmol/l) 140 CsCl, 10 EGTA, 2 MgCl 2, 3 Na 2ATP, 0.1 guanosine-5Ј-triphosphate, and 5 HEPES-CsOH buffer (pH 7.2). In addition, 4-aminopyridine (4 mmol/l), a voltage-dependent K ϩ channel blocker; tetraethylammonium (2 mmol/l), a Ca 2ϩ -activated K ϩ current blocker; and Ba 2ϩ (1 mmol/l), a blocker of an inwardly rectifier K ϩ current, were added to the control Tyrode solution (17) . The extracellular Na ϩ was replaced with equimolar N-methyl-D-glucamine (NMDG ϩ ). TTX and nifedipine were obtained from Sigma.
Recording technique and data analysis. Membrane currents were recorded by tight-seal whole cell clamp techniques using a patchclamp amplifier (EPC-7, List Electronics, Darmstadt, Germany) as previously reported (17, 22) . The heat-polished patch electrode had a tip resistance of 3-5 M⍀. All data were acquired, stored, and analyzed on Power Macintosh 7100/80 using the PULSEϩPULSEFIT software (HEKA Electronic, Lambrecht, Germany) and Igor PRO (Wave Metrics, Lake Oswego, OR).
The steady-state inactivation of I Na was estimated using a doublepulse protocol. Conditioning voltage pulses (500 ms in duration) of various membrane potentials between Ϫ100 and ϩ10 mV were applied from a holding potential of Ϫ100 mV. At 2 ms after the end of each conditioning pulse, a test pulse of ϩ0 mV (300 ms in duration) was applied. The ratio of INa amplitude with and without conditioning pulses was plotted against each conditioning voltage. From currentvoltage data, the steady-state activation curve was derived by using the following equation:
where INa is the peak current amplitude at each membrane potential (V m), gNa is the chord conductance, and ENa is the Na ϩ -equilibrium potential. E Na was obtained from the current-voltage curve, where the current-voltage curve crossed over the zero line.
RNA extraction, reverse transcriptase polymerase chain reaction, and real-time quantitative RT-PCR. Total RNA was extracted using Isogen (Nippon Gene, Tokyo, Japan). For RT-PCR, complementary DNA was synthesized from 1 g of total RNA with reverse transcriptase with random primers (Toyobo, Osaka, Japan) (17) . For PCR amplification, specific forward and reverse oligonucleotide primers were used. The PCR cycles were 35. PCR products were size fractionated on 2% agarose gels and visualized under UV light. Primers were chosen based on the sequence of human SCN1-6A and 8-9A and rabbit SCN9A (5Ј-TCCTGGAAGCTCCACTGAA-3Ј and 5Ј-CAAA-TCATCATCCTTGTCTCC-3Ј) as previously reported (2, 17) . Total RNA of human fetal brain, skeletal muscle, heart, aorta (Toyobo), and rabbit spinal cord was used as positive and native controls.
Quantitative RT-PCR was performed with the use of real-time TaqMan technology and a sequence detector (ABI PRISM 7000, Applied Biosystems, Foster City, CA) (17) . Gene-specific primers and TaqMan probes were used to analyze transcript abundance. Genespecific primers for rabbit SCN9A (forward primer, 5Ј-TCCCCAAT-GGACAGCTTCTG-3Ј; and reverse primer, 5Ј-TGGGTTGTAC-CGCTGTCATC-3Ј) and TaqMan probe with FAM (5Ј-ATAATA-GATAAGGCAACTTC-3Ј) were also purchased from Applied Biosystems. The 18S ribosomal RNA level was analyzed as an internal control and used to normalize the values for transcript abundance.
Immunocytochemistry. Immunocytochemical analysis was performed on cultured hASMCs and rASMCs. They were cultured on Lab-Tek Chamber Slide Glass (Nalge Nunc International, Naperville, IL) and fixed with 2% paraformaldehyde, rinsed in phosphate-buffered saline, and then blocked with 2% horse serum and incubated with primary antibodies (Cy3-conjugated anti-␣-actin, Sigma; and antiNaV1.7 raised in rabbit, Alomone, Jerusalem, Israel), followed by incubation with Alexa Fluor-488-conjugated anti-rabbit IgG secondary antibody (Molecular Probes, Eugene, OR). For negative controls, the cells were treated with antibody preincubated with the antigenic peptide. The slides were observed on a Nikon ECLISE TE200-u (Nikon, Tokyo, Japan).
Transfection of small-interfering RNA. SCN9A small-interfering (si)RNA (Target DNA sequence, 5Ј-ATGATTCTTTAAGAATCG-TAA-3Ј) and noncoding control siRNAs (Target DNA sequence, 5Ј-AATTCTCCGAACGTGTCACGT-3Ј), were purchased from Qiagen (Cambridge, MA). They were transfected into hASMCs to a final concentration of 5 nmol/l using the HiPerFect Transfection Reagent (Qiagen) according to the instructions of the manufacturer. Rhodamine-conjugated siRNA was used to confirm the transfection of siRNA. An isolation of total RNA and quantitative RT-PCR was performed. Membrane currents were recorded with whole cell clamp techniques on the transfected cells as described in Recording technique and data analysis.
Proliferation, migration, endocytosis, and matrix metalloprotainase-2 secretion assay. Cell proliferation was assessed by the Cell Titer 96 Aqueous kit (Promega, Madison, WI). The hASMCs were plated in 96-well plates (Becton Dickinson, Franklin Lakes, NJ) at a density of 1ϫ10 4 cells/well. The plates were incubated for 24 h, after which the tetrazolium salt and dye solutions were added and color development was allowed to proceed for 1 h. Each plate was then read at an absorbance of 490 nm.
Cell migration assay was performed using TTX (10 mol/l) on hASMCs or hASMCs pretreated with siRNA for 48 h. Cells were plated at a density of 1ϫ10 4 cells/filter in the culture medium without supplement. The migration assay was performed using the 8.0-m pore-size transwell cell culture inserts (Becton Dickinson) as reported previously (1, 4) . FBS (10%) was dissolved in the medium and placed in the lower compartment. The cell suspensions were placed in the upper compartment and incubated for 6 h at 37°C in an atmosphere of 5% CO2-95% room air. Cells from the upper surface of the filter that did not migrate into the filters were scraped with a spatula and washed with phosphate-buffered saline. The filters were fixed in methanol and stained with Giemsa. The smooth muscle cells that had migrated to the lower surface of the filters were counted under a light microscope at ϫ100 high-power field (HPF). In each filter, cells from three highpower fields were counted, and the results were averaged.
For the endocytosis assay, the hASMCs were placed in Eppendorf tubes at a density of 10 ϫ 10 4 cells/tube in the mammalian Krebs' solution containing (in mmol/l) 144 NaCl, 5.4 KCl, 2.5 CaCl2, 1 MgCl2, 5.6 D-glucose, and 5 HEPES (pH 7.4), adjusted with NaOH, for 10 -15 min. The solution was then replaced with 100 l of Krebs' solution containing 0.5 mg/ml horseradish peroxidase (HRP) type IV (Sigma). The hASMCs were incubated in an atmosphere of 5% CO2-95% room air at 37°C for 60 min (26) with and without TTX (10 mol/l). The hASMCs pretreated with siRNA for 48 h were also investigated. A background, which indicates endogenous peroxidase activity, was measured with normal Krebs' solution. To release the HRP contents of the cells, 120 l of lysis buffer (made by serially adding 0.9 g NaCl, 10 ml 10% Nonidet P-40, and 2.5 ml 10% Na-deoxycholate to a solution of 0.79 g Tris base in 75 ml distilled water and adding 1 ml of 100 mmol/l EDTA and completing the volume to 100 ml) was added to the cell pellet. Immediately afterward, diaminobenzidine (0.5 mg/ml) and hydrogen peroxide (0.01%) in 120 l of 1 mol/l Tris buffer (pH 7.4) were added and the reaction solutions were transferred to a 96-well plate. The density of the color reaction was read at an absorbance of 570 nm.
To determine the effect of TTX on the secretion of matrix metalloproteinase-2 (MMP-2), we measured the levels of MMP-2 in culture medium collected from cultured hASMCs using ELISA kits from BD Biosciences (Minneapolis, MN). The hASMCs were cultured in the 1 ml of 10% FBS medium without other supplement at a density of 10 ϫ 10 4 cells. After 6, 12, and 24 h of culture with and without TTX (10 mol/l), the medium was collected and the levels of MMP-2 were determined by ELISA assays. ELISA assays were performed according to instructions from the supplier.
Immunohistochemistry on rabbit aorta. The rabbit aorta was fixed in 4% formaldehyde and embedded in paraffin. The paraffin-embedded sections were incubated with anti-rabbit IgG (Jackson Immuno Research, West Grove, PA). They were then blocked with 2% horse serum and incubated with primary antibodies (Cy3-conjugated anti-␣-actin, and anti-Na V1.7 raised in rabbit), followed by an incubation with Alexa Fluor-488-conjugated anti-rabbit IgG secondary antibody.
The nuclei were counterstained with Hoechst 33258 (Sigma). The sections were observed under a confocal microscope (FluoView FV300, Olympus, Tokyo, Japan) (31) .
Statistical analysis. Data were expressed as means Ϯ SE. Unpaired Student's t-tests and ANOVA followed by post hoc Bonferroni analyses were carried out where appropriate. Tests used for each data set were stated in the text and a value of P Ͻ 0.05 was considered statistically significant. All calculations were performed using StatView software, version 5.0 (SAS Institute, Cary, NC).
RESULTS

Voltage-gated Na
ϩ channels expressed in cultured hASMCs and its characteristics. Figure 1A shows a typical recording of I Na expressed in hASMCs. The cell was held at Ϫ80 mV, and command voltage pulses (50 ms in duration, 0.2 Hz) were applied to membrane potentials of Ϫ80 to ϩ30 mV. The transient inward currents were elicited at potentials positive to Ϫ40 mV (Fig. 1A) . The currents were transient and did not have non-inactivating currents. The current-voltage relations measured at the peak of the inward current are shown in Fig.  1B (n ϭ 4) . The replacement of Na ϩ with NMDG ϩ (Fig. 1C ) or TTX (1 mol/l, Fig. 1D ) completely eliminated the inward current. These results show that the transient inward current consisted of I Na . The relationship between the TTX concentration and I Na amplitude (n ϭ 4) is shown in Fig. 1E and fitted by Eq. 2, where n H represents the Hill coefficient and IC 50 is a 50% inhibitory concentration for TTX.
The data were best fit with an IC 50 value of 17 nmol/l and n H of 1.2. The steady-state inactivation curve of I Na is illustrated in Fig. 1F . The relationship between membrane potentials and the amplitude of I Na was fitted to the Boltzmann equation (Eq. 3), where I/I MAX is the relationship between the current amplitude (I) and the maximal current amplitude at the most negative potentials (I MAX ), V is the membrane potential (in mV), V 0.5 is the membrane potential at half maximum, and k is the slope factor.
The values of V 0.5 and k were Ϫ55 and 1.6 mV (n ϭ 6), respectively. The steady-state activation curve was obtained from the conductance (g Na ), determined by dividing the peak current amplitude at each membrane potential (V m ) by the driving force for Na ϩ (V m Ϫ E Na ), where E Na is the Na ϩ equilibrium potential. The steady-state activation curve was obtained from the conductance (g Na ) and also fitted in Fig. 1F . The values of V 0.5 and k were Ϫ21 and Ϫ5.3 mV (n ϭ 6), respectively.
Expression of voltage-gated Na
ϩ channel mRNA in cultured hASMCs. We next investigated the expression of several SCN channel family members (SCN1-9A) in cultured hASMCs ( Fig. 2A) . The transcript for both SCN8A and SCN9A was detected by RT-PCR. As a positive control, SCN1A-3A and -8A were observed in human fetal brain. SCN4A and -5A-6A were observed in human skeletal muscle and human heart, respectively. However, quantitative RT-PCR showed that the expression of SCN9A was significantly greater than any other member and that SCN2A and SCN8A expression was considerably weak (Fig. 2B) . I Na is composed of a pore-forming ␣-subunit and an auxiliary ␤-subunit. The expression of SCN␤ channel family members (SCN␤ 1-4 ) was also measured by quantitative RT-PCR. The expression levels of 1␤ were much higher than those of other ␤-subunits (Fig. 2C) . The expression level of SCN9A mRNA was compared between native aorta and cultured hASMCs. As shown in Fig. 2D , the expression levels of SCN9A mRNA in cultured hASMCs were significantly higher than that in native aorta (P Ͻ 0.01, n ϭ 6).
The immunocytochemical detection of ␣-actin and Na V 1.7. The expression of Na V 1.7 was determined by immunostaining of cultured hASMCs. The cells were identified as smooth muscle cells by the expression of ␣-actin (Fig. 3B) . The expression of Na V 1.7 was further detected by immunostaining with anti-Na V 1.7 antibody (Fig. 3C) . The negative controls for Na V 1.7 were shown in Fig. 3D . These results suggest that Na V 1.7 is expressed in cultured hASMCs.
Effect of siRNA for SCN9A on the expression of voltagegated Na ϩ channels. To inhibit the expression of SCN9A, we used SCN9A siRNA. The transfection of siRNA was confirmed by the detection of rhodamine by the immunofluorescent microscopy. Forty-eight hours after siRNA treatment, the inhibitory effect on the expression of SCN9A mRNA was analyzed by real-time RT-PCR. The expression level in hASMCs transfected with siRNA for SCN9A was about one- tk;4third of that transfected with noncoding siRNA (P Ͻ 0.01; Fig. 4A,) ; however, siRNA for SCN9A did not alter the expression level of SCN8A (Fig. 4B ) or large-conductance Ca 2ϩ -activated K ϩ channel (KCNM1, Fig. 4C ). Membrane currents were recorded with whole-cell clamp techniques (Fig.  4D) on the transfected cells. The current density of I Na , normalized by cell capacitance, was almost completely eliminated in cells transfected with siRNA for SCN9A (20 cells, siRNA for SCN9A and control, respectively, P Ͻ 0.01; Fig. 4E ).
Blocking effects of I Na on the cell proliferation, migration, endocytosis, and secretion. To determine the effects of I Na on cell proliferation and migration, hASMCs were treated with either TTX or siRNA for SCN9A. Neither TTX nor siRNA for SCN9A had any effect on the cell proliferation (n ϭ 6; Fig. 5A ). On the other hand, TTX (10 mol/l) and SCN9A siRNA significantly inhibited cell migration in cultured hASMCs as shown in Fig. 5 , B and C (n ϭ 6, P Ͻ 0.01, respectively). TTX and siRNA for SCN9A also significantly reduced HRP uptake into the hASMCs as shown in Fig. 5D (P Ͻ 0.01, n ϭ 7), suggesting that I Na is involved in the endocytosis activity in cultured hASMCs. In addition, TTX significantly reduced MMP-2 secretion from the hASMCs 6 and 12 h after the treatment (P Ͻ 0.01, P Ͻ 0.05, n ϭ 6, respectively) as shown in Fig. 5E .
Voltage-gated inward current in rASMCs. Membrane currents were measured in freshly isolated and cultured conditions in rASMCs. Figure 6A shows the typical current recording in freshly isolated rASMCs. The inward currents were elicited at potentials more than Ϫ40 mV. The application of nifedipine completely blocked the transient inward current (Fig. 6B) , but TTX did not affect the inward current, suggesting that it consisted of voltage-gated L-type Ca 2ϩ channel current. I Na was not observed with all freshly isolated cells tested (n ϭ 20). Figure 6C shows a typical recording of I Na expressed in cultured rASMCs. The replacement of Na ϩ with NMDG ϩ (Fig. 6C) or TTX (Fig. 6D ) completely eliminated the transient inward current; however, nifedipine did not alter the current (Fig. 6E) . These results showed that the transient inward current consisted of TTX-sensitive voltage-gated I Na in cultured rASMCs.
Detection of SCN9A gene by RT-PCR and Na V 1.7 expression in rASMCs.
We investigated the expression of SCN9A mRNA in cultured rASMCs and normal and balloon-injured aorta. The definite transcript of SCN9A was detected in cultured rASMCs (Fig. 7A) . The transcript of SCN9A in ballooninjured aorta was weakly detected but not detected in normal aorta. The expression of SCN9A was also investigated by quantitative RT-PCR. As shown in Fig. 7B , the expression level of SCN9A mRNA in cultured rASMCs was much higher than that in native rabbit aorta. Furthermore, the expression level of SCN9A mRNA in injured aorta was sixfold higher than that in native aorta. The cultured rASMCs were identified as smooth muscle cells, by which the expression of ␣-actin was confirmed by immunostaining (Fig. 7C) . The expression of Na V 1.7 encoded by SCN9A mRNA was detected by fluorescent microscopy (Fig. 7D) . Figure 8 shows the expression of ␣-actin and Na V 1.7 in injured aorta. Immunohistochemistry for ␣-actin showed the staining in the media of the aorta in both uninjured and injured aorta (Fig. 8, B, D, and F) . The Na V 1.7 antibody revealed the staining of most of cells localized in the media of the injured aorta (Fig. 8, C and E) , and the cells showed the staining of 
-E).
A: membrane currents in freshly isolated rASMCs. The cells were held at Ϫ100 mV, and command voltage pulses (100 ms in duration) to various membrane potentials between Ϫ40 and ϩ0 mV were applied. B: effects of nifedipine (1 mol/l) and TTX (1 mol/l) on the inward current in freshly isolated rASMCs. Nifedipine completely eliminated the inward current; however, TTX did not. C-E: INa in cultured rASMCs. The cells were held at Ϫ100 mV, and command voltage pulses (100 ms in duration) to ϩ0 mV were applied. Replacement of Na ϩ with NMDG ϩ (C) and TTX (D) completely eliminated the transient inward current; however, nifedipine (1 mol/l) did not alter the current (E).
␣-actin simultaneously (Fig. 8, D and F) . Therefore, the Na V 1.7 positive cells were considered to be the vascular smooth muscle cells; however, no expression of Na V 1.7 was observed in the rabbit uninjured aorta (Fig. 8, A and B) .
DISCUSSION
The present study demonstrates the biophysical and molecular characteristics of I Na in cultured hASMCs, consistent with the previous reports in human cultured myocytes (3, 17, 23, 25) . We also demonstrate that the expression of SCN9A is limited to cultured and diseased conditions in human and rabbit aorta smooth muscle cells and is absent in isolated native aorta.
In addition, this study provides novel evidence that the I Na has important roles in cell migration, endocytosis, and secretion.
Voltage-gated Na ϩ channel expression and its pathophysiology. Using patch-clamp experiments, we have characterized this current on the basis of its biophysical and pharmacological properties. The elimination of the inward current by replacing extracellular Na ϩ with NMDG ϩ and TTX provides evidence that cultured hASMCs exhibit a voltage-dependent Na ϩ current. The rapid activation and inactivation kinetics, as well as the voltage activation range, are characteristic of the fast Na ϩ current found in many neuronal and muscle tissues (5). Our findings indicate that I Na expressed in cultured hASMCs Results are shown at ϫ200 (A-D) and ϫ400 (E and F) magnification. The expression of NaV1.7 was shown in A, C, and E. Nuclei were counterstained with Hoechst 33258, and the expression of ␣-actin and NaV1.7 was shown simultaneously (B, D, and F). Note that rabbit aorta smooth muscle cells in injured aorta (C and E) express NaV1.7 in the media of aorta but not in rabbit uninjured aorta (A).
closely resembles TTX-sensitive I Na found in human brain and skeletal muscle. However, it is different from that in the human heart (13) and esophageal smooth muscle cells where I Na is TTX insensitive (9) .
The physiological significance of I Na expressed in cultured hASMCs remains unclear. Since the cultured hASMCs used in the present study had a membrane potential of approximately Ϫ40 mV (data not shown), it is reasonable that I Na expressed in these cells contributes to form membrane potentials and muscle excitability. In addition, it is likely that small depolarizing stimuli open I Na further, thereby inducing an increase of Na ϩ influx and intracellular Na ϩ concentration ([Na ϩ ] i ). The increase in [Na ϩ ] i alters the driving force for Na ϩ , the rate of movement of Na ϩ ions by the Na ϩ /K ϩ pump, and then the Na ϩ /Ca 2ϩ exchanger, which may subsequently raise intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ), and the function in these cells.
We used RT-PCR and quantitative RT-PCR to identify the specific I Na channel subtypes. This study using cultured hASMCs has shown the expression of the SCN9A ␣-and ␤ 1 -subunit. The expression of SCN9A in smooth muscle cells has been previously described in human cultured bronchial, coronary, and pulmonary arterial smooth muscle cells (3, 17) and differs from human esophageal smooth muscle cells, which express SCN4A and -5A (9, 17) . The protein expression of Na V 1.7 encoded by SCN9A was further verified by immunocytochemistry. Additionally, SCN9A siRNA almost completely eliminated I Na without any change of the KCNM1 expression in quantitative RT-PCR. Although a weak expression was observed for SCN2A and -8A by real-time quantitative RT-PCR, the inhibition by SCN9A siRNA suggests that the majority of the Na ϩ currents can be attributed to Na V 1.7. This study also shows that human and rabbit native aorta has much less SCN9A mRNA expression than cultured hASMCs and rASMCs. This change of ion channel characteristics in a cultured condition was also confirmed by using patch-clamp, RT-PCR, quantitative RT-PCR, and immunocytochemistry in rabbit.
Functions of I Na on cell migration, endocytosis, and secretion excluding cell proliferation. Functions of I Na on cell proliferation, migration, endocytosis, and secretion were investigated in the cultured hASMCs. Whereas some studies suggest that the expression of I Na is associated with cell proliferation (3, 29), we found that neither TTX nor SCN9A siRNA inhibited hASMCs proliferation.
On the other hand, TTX and SCN9A siRNA significantly inhibited cell migration in cultured hASMCs. This is the first report demonstrating the relationship between TTX-sensitive I Na and vascular smooth muscle migration. These results are similar to that for the I Na in rat and human prostate cancer cells (10, 32) , which contribute to cell invasion, and the characteristics resemble the I Na in hASMCs. Thus it is likely that the expression of I Na contributes to cell migration and invasion. However, TTX and siRNA for SCN9A inhibited cell migration by only about 40% compared with the control. Other mechanisms such as intracellular Ca 2ϩ (28) and Na ϩ /Ca 2ϩ exchanger (14) may be important mechanisms as well. Previous reports demonstrated that I Na was expressed in human small-cell lung cancer and rat prostate cancer and enhanced the endocytic membrane activity (21, 26) . Thus it is likely that I Na contributes to the endocytosis activity in cultured hASMCs. Since endocytosis activity mirrors exocytosis (33) and can be used as a measure of the secretory activity of cells (20, 33) , we measured the secretory levels of MMP-2, which is expressed in vascular smooth muscle and involved in forming atherosclerosis (27) , the intimal hyperplasia after the vascular injury (39) , and aortic aneurysm (18) . We showed that TTX significantly inhibited the secretion of MMP-2. Thus it is likely that I Na is involved in MMP-2 secretion and may become a therapeutic target of atherosclerosis, intimal hyperplasia, and aortic aneurysm.
At present, the precise mechanism for the contribution of I Na to the cell migration, endocytosis, and secretion is unknown. [Ca 2ϩ ] i plays an important role in cell migration (28) , endocytosis, and secretion (34) . Recent experiments revealed that I Na regulates [Ca 2ϩ ] i in cultured human coronary cells (3) and that the Na ϩ /Ca 2ϩ exchanger has an important role in regulating Ca 2ϩ in these cells (40) . However, the reason why the cell proliferation is not associated with the I Na remains unclear. Alternatively, intracellular Na ϩ has been shown to be an important factor in the control of basal secretion from mammalian neurohypophysial terminals (37) without changing the [Ca 2ϩ ] i . Thus the influx of Na ϩ itself may have an effect on the endocytosis and secretion system. Further work is required to elucidate the mechanisms of contribution of I Na to the migration and endocytosis.
The expression of SCN9A in rabbit injured aorta. The rabbit balloon injury model used in the present study is well characterized in rabbits, rats, and humans (15, 19) . It has been reported that the intimal hyperplasia appears ϳ7 days after injury, resulting from the accumulation of smooth muscle cells that migrate from the media into the intimal layer and from the extracellular matrix deposition occurring without any infiltration of the circulating inflammatory cells (11, 16) . In this study, we have demonstrated that no expression of Na V 1.7 was observed in rabbit normal aorta but that the prominent expression of Na V 1.7 48 h after the balloon injury was observed using quantitative RT-PCR and immunohistochemical staining. This expression is very similar to the early activation of inflammatory molecules such as VCAM-1, ␣ 4 ␤ 1 , NF-B and T-type Ca 2ϩ channels (19) , which is reported to contribute to the phenotypical remodeling of vascular smooth muscle cells (8) . The expression of Na V 1.7 was observed in the media of the aorta. These spatial and periodic configurations are consistent with the role of mechanical stress since an initiating factor of the process of intimal thickening and/or the inflammation subsequently occurred as a consequence of mechanical stress. Further studies using patch-clamp experiments are needed to clarify the definite expression of I Na in balloon-injured aortic smooth muscle cells.
Recent studies have shown that mechanical stress not only induces favorite structural changes but is also associated with smooth muscle cell dedifferentiation (12) and even the smooth muscle inflammatory process (38) , suggesting that the expression of Na V 1.7 is associated with the inflammatory process of the smooth muscle cells in the media. Our experiments using hASMCs revealed that Na V 1.7 plays important roles in cell migration, endocytosis, and secretion in the vascular smooth muscle cells. Taken together with these results from hASMCs and the rabbit aorta injury, it is likely that Na V 1.7 contributes to the progression of intimal hyperplasia through the augmentation of these functions. Further investigation is needed to elucidate the mechanisms of expression and the precise roles of Na V 1.7 in the future.
